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Abstract Ferredoxin (£avodoxin):NADP+ oxidoreductase
(FNR) is an essential enzyme that supplies electrons from
NADPH to support £avodoxin-dependent enzyme radical gen-
eration and enzyme activation. FNR is a monomeric enzyme
that contains a non-covalently bound FAD cofactor. We report
that reduced FNR from Escherichia coli is subject to inactiva-
tion due to unfolding of the protein and dissociation of the
FADH2 cofactor at 37‡C. The inactivation rate is tempera-
ture-dependent in a manner that parallels the thermal unfolding
of the protein and is slowed by binding of ferredoxin or £avo-
doxin. Understanding factors that minimize inactivation is crit-
ical for utilizing FNR as an accessory protein for S-adenosyl-L-
methionine-dependent radical enzymes and manipulating FNR
as an electron source for biotechnology applications.
0 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction
Ferredoxin (£avodoxin):NADPþ oxidoreductase (FNR,
EC 1.18.1.2) from Escherichia coli catalyzes the NADPH-de-
pendent reduction of £avodoxin and ferredoxin [1^3]. Re-
duced £avodoxin is essential for several cellular processes,
including the S-adenosyl-L-methionine (AdoMet)-dependent
reductive methylation of cobalamin-dependent methionine
synthase [4^6], the reductive cleavage of AdoMet accompany-
ing generation of glycyl radicals in pyruvate formate-lyase
[1,7,8] and class III ribonucleotide reductase [9^11], and the
reductive cleavage of AdoMet required for substrate oxidation
in biotin synthase [12,13] and probably also lipoyl synthase
[14]. Ferredoxin [15] may ful¢ll an as-yet unidenti¢ed role in
redox processes accompanying iron^sulfur cluster assembly.
Thus FNR plays a critical cellular role in distributing low-
potential electrons largely derived from glucose metabolism,
serving as a funnel between the abundant pyridine-nucleotide
hydride pool and the largely protein-bound electron pool.
FNR is a member of the broadly conserved ferredoxin re-
ductase family of oxidoreductases [16,17] that are monomeric
and contain a single non-covalently bound FAD cofactor.
The paradigm for this family has been the FNR from Ana-
baena [18,19]. Anabaena FNR catalyzes the transfer of elec-
trons from reduced ferredoxin generated during photosynthe-
sis to the pyridine-nucleotide pool. The enzyme has both high
activity and prolonged stability. FNR also is present in nu-
merous microorganisms, and domains homologous to FNR
have been described in human enzymes including cytochrome
P450 reductase [20], nitric oxide synthase [21], and methionine
synthase reductase [22]. E. coli FNR and £avodoxin also serve
as heterologous reductants for mammalian cytochrome P450
enzymes [23,24] and may therefore have potential value in
industrial enzyme applications.
As part of ongoing studies of the role of FNR in supporting
the activities of AdoMet-dependent radical enzymes, particu-
larly biotin synthase [25], we have noted that a rapid loss of
FNR activity contributes to the very slow kinetics observed
with these enzymes. In this paper, we examine factors that
accelerate FNR inactivation. Although oxidized FNR is very
stable, reduced FNR is subject to loss of activity due to par-
tial unfolding of the protein and dissociation of the FADH2
cofactor. This process is both temperature- and pH-dependent
and is slowed by bound ferredoxin or £avodoxin. In light of
the important role of the FNR/Fld pair in sustaining the
activity of the newly emerging superfamily of AdoMet-depen-
dent radical enzymes [26,27], we hope that this detailed report
of the stability of E. coli FNR will facilitate a better under-
standing of the role of redox enzymes in sustaining these
mechanistically and kinetically complex enzyme systems.
2. Materials and methods
2.1. Enzyme preparation
Flavodoxin [28] and ferredoxin [3] were expressed and puri¢ed as
previously described. Flavodoxin concentration was determined using
O458 = 8500 M31 cm31 [29] and ferredoxin concentration was deter-
mined using O468 = 7240 M31 cm31 [3]. All other reagents were pur-
chased commercially and used without further puri¢cation.
FNR was expressed over 4^5 days from strain pEE1010/C-600 [30].
Cells were lysed by sonication and cell debris removed by centrifuga-
tion at 100 000Ug for 30 min. The soluble fraction was loaded on a
DEAE fast-£ow Sepharose column equilibrated with 10 mM Tris, pH
8, and eluted with a linear gradient to 200 mM NaCl in the same
bu¡er. The yellow fractions were pooled, concentrated in centrifugal
concentrators to s 10 mg/ml, and dialyzed overnight against 5 mM
potassium phosphate, pH 7, followed by a 2 h dialysis against deion-
ized water. The protein was loaded on a hydroxyapatite column (type
I, Bio-Rad) equilibrated with 1 mM potassium phosphate, pH 7, and
eluted with a linear gradient to 150 mM potassium phosphate, pH 7.
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Yellow fractions were checked by SDS^polyacrylamide gel electro-
phoresis for purity. Pure fractions were pooled and concentrated to
s 500 WM. FNR concentration is determined using O452 = 7100 M31
cm31 [4].
2.2. FNR assays
FNR activity was determined using the steady-state rate of £avo-
doxin or ferredoxin reduction in the presence of excess NADPH [3].
These assays were performed in a stopped-£ow spectrophotometer to
maximize reproducibility between the fast reactions with ferredoxin
and 2,6-dichloroindophenol (DCIP), and the slower reactions with
£avodoxin and O2. In addition, the stopped-£ow instrument a¡ords
improved anaerobicity over prolonged incubation times. FNR (1 WM,
0.5 WM ¢nal concentration after mixing) and NADPH (500 WM) were
rapidly mixed with £avodoxin or ferredoxin (100 WM) in 50 mM 1,3-
bis[tris(hydroxymethyl)methylamino]propane (Bis-Tris Propane), 50
mM NaCl, pH 7.5, and spectral changes were monitored at 580 nm
(£avodoxin) or 510 nm (ferredoxin). To minimize oxygen contamina-
tion, protocatechuic acid (0.5 mM) and protocatechuate dioxygenase
(0.5 mg/ml) were added to all samples [31]. The rate of protein reduc-
tion was determined for £avodoxin using vO580 = 4250 M31 cm31 and
for ferredoxin using vO510 =34070 M31 cm31 [3].
Alternatively, FNR activity was determined by monitoring
NADPH consumption in the presence of oxygen or DCIP. To mea-
sure the residual activity of reduced enzyme, FNR (1 WM) and
NADPH (500 WM) in anaerobic 50 mM Bis-Tris Propane, 50 mM
NaCl, pH 7.5, were rapidly mixed with either air-saturated 50 mM
Bis-Tris Propane, 50 mM NaCl, pH 7.5 ([O2]V200 WM) or anaerobic
bu¡er containing DCIP (100 WM). To measure the residual activity of
oxidized enzyme, NADPH was simply moved from the enzyme sy-
ringe to the oxygen (substrate) syringe. Oxidized FNR (1 WM) in
anaerobic 50 mM Bis-Tris Propane, 50 mM NaCl, pH 7.5, was rap-
idly mixed with NADPH (500 WM) in aerobic 50 mM Bis-Tris Pro-
pane, 50 mM NaCl, pH 7.5 ([O2]V200 WM). NADPH consumption
was monitored by observing the decrease in absorbance at 340 nm
and the linear (steady-state) portion of this curve converted to a rate
using O340 = 6200 M31 cm31 [32].
The pH dependence of the inactivation rate and the activity were ¢t
assuming that there is a single pKa that governs a transition between a
protonated state that has decreased activity and a low inactivation
rate and a deprotonated state that has higher activity but also a more
rapid inactivation rate. Data were ¢t to:








where kslow is the inactivation rate (or activity) of the low pH state,
kfast is the inactivation rate (or activity) of the high pH state, and pKa
is the acid dissociation constant for a hypothetical residue that gov-
erns conversion between these states.
The temperature dependence of the inactivation rate and of activity
were ¢t to a standard Arrhenius equation, which requires the simpli-
fying assumption that inactivation (unfolding) proceeds through a
single transition state. Data were ¢t to:
k ¼ Ae3Ea=RT
where Ea is the activation energy for proceeding through the transi-
tion state of the inactivation process and A is a constant of integra-
tion.
2.3. Determination of thermal stability
The thermal stability of oxidized and reduced FNR was determined
using changes in the £uorescence of the FAD cofactor. Spectra were
recorded on an Aviv Model 105 titrating scanning di¡erential/ratio
spectro£uorometer with excitation and emission bandwidths set at 10
nm. Maximal excitation and emission wavelengths were determined
for free FAD (1 WM) in 50 mM Bis-Tris Propane, 50 mM NaCl, pH
7.5 to be Vex = 450 nm and Vem = 520 nm. FNR was diluted to 1 WM in
chilled 50 mM Bis-Tris Propane, 50 mM NaCl, 0.5 mM dithiothreitol
(DTT), pH 7.5, in a septum-covered £uorescence cuvette and the so-
lution equilibrated with an argon atmosphere. For reduced samples,
NADPH (500 WM) or sodium dithionite (1 mM) were added with a
syringe. The protein sample was equilibrated at increasing 5‡C inter-
vals for 5 min and sample and bu¡er £uorescence measurements were
recorded at each temperature. Since each experiment yields relative
£uorescence data on di¡erent scales, data was normalized by subtract-
ing the initial £uorescence and dividing by the ¢nal £uorescence. Data
were ¢t assuming a simple two-state unfolding model [33], where TM








3.1. FNR is subject to time-dependent loss of activity
E. coli FNR catalyzes the reduction of several protein and
small molecule electron acceptors, including ferredoxin, £avo-
doxin, cytochrome c, oxygen, ferricyanide, and dichloroindo-
phenol (DCIP) [1^3]. To assess the steady-state activity of
FNR, we have developed assays that monitor FNR-catalyzed
ferredoxin or £avodoxin reduction by NADPH, or that mon-
itor FNR-catalyzed NADPH oxidation by oxygen, ferricya-
nide, or DCIP. Since FNR turns over with ferredoxin and
DCIP at rates that are much faster than with £avodoxin or
oxygen, we performed each assay in a stopped-£ow spectro-
photometer such that the results with each electron acceptor
could be directly compared under identical conditions. To
monitor the loss of steady-state activity, FNR was diluted
to 1 WM in a chilled anaerobic solution containing NADPH
(500 WM), and then warmed by drawing the solution into the
stopped-£ow syringe pre-equilibrated to 37N 0.3‡C. Assays
were performed by mixing this sample (0.5 WM FNR after
mixing) with an electron acceptor (50^100 WM ¢nal concen-
tration) in the stopped-£ow spectrophotometer at intervals,
and monitoring either NADPH oxidation or £avodoxin and
ferredoxin reduction to assess the residual activity. In each
case, the activity is based upon a measurement of the initial
rate of steady-state electron transfer under conditions where
Fig. 1. Loss of FNR activity towards various electron acceptors.
FNR (1 WM) was reduced with NADPH (500 WM) in 50 mM Bis-
Tris Propane, 50 mM NaCl, pH 7.5, under argon and incubated at
37‡C. At various intervals, the reduced FNR solution was mixed
1:1 with Fd (F), DCIP (a), oxygen (8), or Fld (R) in a stopped-
£ow spectrophotometer and activity monitored as described in Sec-
tion 2. Alternately, oxidized FNR (S, 1 WM) was incubated in an-
aerobic bu¡er at 37‡C and mixed with an aerobic solution of
NADPH (500 WM). Each data point is based upon an average of
the initial slope of ¢ve experiments with an average standard devia-
tion of N 5%. The initial activity (kcat) for each electron acceptor
varies widely: £avodoxin, 0.023 s31 ; ferredoxin, 0.34 s31 ; O2, 0.064
s31 ; DCIP, 9.8 s31.
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less than 20% of the substrates have been consumed and
where the monitored absorbance changes remain linear over
the monitored time range, thus ensuring that substrate deple-
tion and product inhibition do not contribute signi¢cantly to
the observed inactivation rates.
FNR reduced in the presence of NADPH is slowly inacti-
vated under all conditions, although the observed rate of in-
activation di¡ers depending upon the electron acceptor (Fig.
1). Reactivity towards £avodoxin is lost most rapidly
(kinact = 0.031 min31) with less than 10% of the original activ-
ity remaining after 30 min. Curiously, reactivity towards fer-
redoxin is not as rapidly a¡ected (kinact = 0.0065 min31) with
V80% of the original activity remaining after 30 min. Reac-
tivity towards the unnatural electron acceptor DCIP is lost at
a rate comparable to ferredoxin (kinact = 0.0064 min31), while
reactivity towards oxygen is lost slightly more rapidly
(kinact = 0.019 min31). To verify that inactivation occurs only
in the reduced enzyme, we mixed an anaerobic sample of
oxidized FNR (1 WM) with a sample of NADPH (250 WM)
and oxygen (V100 WM) after incubation at 37‡C. In this case,
oxidized FNR is very stable, with V98% of the original ac-
tivity towards oxygen remaining after 30 min (kinact = 0.0005
min31). Thus the inactivation process clearly a¡ects only
FNR containing reduced FAD, and the observed di¡erences
in the residual activity with alternate electron acceptors sug-
gest that di¡erent structural factors within FNR a¡ect reac-
tivity with each species.
To further investigate conditions that could limit inactiva-
tion of FNR under steady-state assay conditions, we exam-
ined how pH and temperature a¡ect the rate of inactivation.
To examine the e¡ect of pH on the rate of inactivation, we
prepared a series of bu¡ers by titrating 50 mM Bis-Tris Pro-
pane, 50 mM NaCl with 6 N HCl, and removing portions of
bu¡er equilibrated at each pH from 9.5 to 6.5. FNR (1 WM)
was reduced at 10^15‡C by adding to NADPH (500 WM) in
each bu¡er under argon. The sample was introduced into the
stopped-£ow syringe at 37‡C and mixed at intervals with aero-
bic bu¡er at the same pH. The rate of inactivation was de-
termined from the slope of a plot of activity vs. time, similar
to plots shown in Fig. 1. As shown in Fig. 2A, the rate of
inactivation varied from 0.025 min31 at pH 6.5 to 0.09 min31
at pH 9.5. The data is well ¢t to a single pKa = 8.4 N 0.1,
suggesting that deprotonation of a speci¢c protein residue
contributes to inactivation. Interestingly, the initial activity
towards oxygen behaves similarly (Fig. 2A, inset), rising
from kcat = 0.055 s31 at pH 6.5 to 0.1 s31 at pH 9.5 with an
apparent pKa = 9.0N 0.5. Within the error of our data, this is
identical to the pKa determined for inactivation, and suggests
that deprotonation of the same protein residue contributes
both to increased activity (at least towards oxygen) but po-
tentially also to more rapid inactivation of the enzyme.
To further probe conditions that could limit inactivation,
we varied the incubation temperature and measured the initial
activity and rate of inactivation. Not surprisingly, the rate of
inactivation rises dramatically at increased temperature (Fig.
2B), varying from 0.006 min31 at 25‡C to 0.34 min31 at 43‡C.
The data are ¢t to an Arrhenius equation, assuming a purely
thermal inactivation process, and yield an apparent activation
energy of 80N 10 kcal/mol. This large activation energy sug-
gests that enzyme inactivation was the result of the loss of
numerous interactions within the protein, most likely the re-
sult of cooperative global unfolding of the protein. We also
examined the temperature dependence of the initial enzyme
activity (Fig. 2B, inset). Although the activity increased with
temperature, this increase was not nearly as dramatic, with
kcat rising from 0.025 at 25‡C to 0.076 at 43‡C. The data
from 25 to 40‡C was ¢t to an Arrhenius equation and indi-
cates an activation energy of 30N 4 kcal/mol for the rate limit-
ing event in catalysis. Together with the pH data above, com-
parison of the inactivation rates with the initial activity
suggests that one can optimize the stability of the enzyme
by working at low pH (6.5^7.5) and at low temperature
Fig. 2. E¡ect of pH and temperature on the rate of FNR inactiva-
tion and FNR activity. FNR was reduced with NADPH under ar-
gon and incubated at each respective pH and temperature, then
mixed with oxygen while the rate of NADPH oxidation was moni-
tored at 340 nm. A: The pH of the assay bu¡er was adjusted from
6.5 to 9.5 in 50 mM Bis-Tris Propane, 50 mM NaCl. The rate of
the loss of activity towards oxygen was monitored by measuring ac-
tivity at various times after warming to 37‡C. The data are ¢t with
a single pKa = 8.5. A (inset): The initial activity (kcat) is shown at
each pH. The data are ¢t with a single pKa = 9.0. B: The equilibra-
tion temperature was varied from 25 to 45‡C, all in 50 mM Bis-Tris
Propane, 50 mM NaCl, pH 7.5. The rate of loss of activity was
monitored by measuring activity at various times after warming
from V10‡C to each respective temperature. Above 43‡C, the pro-
tein rapidly precipitated and no activity was measurable after 2 min.
The data are ¢t to an Arrhenius equation with EA =80 kcal/mol. B
(inset) : The initial activity (kcat) is shown at increasing temperatures.
The data from 25^40‡C are ¢t to an Arrhenius equation with
EA = 30 kcal/mol. Each data point in A and B is an average of two
determinations of the inactivation rate, where the inactivation rate
is based upon the slope of an inactivation curve similar to those
shown in Fig. 1.
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(25^30‡C). However, by restricting conditions to favor stabil-
ity in this way, the initial activity of FNR is decreased V6-
fold as compared to the optimal initial activity achieved at pH
8.5^9 and 37^40‡C.
3.2. Inactivation is due to irreversible protein unfolding
The dramatic increase in the rate of inactivation at high
temperature suggested that inactivation could be due to global
protein unfolding or at least minimally unfolding of the poly-
peptide chain near the £avin cofactor. It seemed surprising,
however, that this would be observed only for the reduced
enzyme. We followed the thermal unfolding of FNR by mon-
itoring the £uorescence of the FAD cofactor; the free cofactor
is strongly £uorescent in the visible region with Vex = 450 nm
and Vem = 520 nm, and this £uorescence is quenched by
V80% when FAD is bound to the protein. When oxidized
FNR (0.5 WM) is heated slowly in anaerobic 50 mM Bis-Tris
Propane, 50 mM NaCl, pH 7.5, containing 0.5 mM DTT
under argon, the £uorescence is stable to 50‡C, and then
undergoes a sharp increase as the temperature is increased
from 60 to 70‡C with a TM of 66‡C and vH of 100N 15
kcal/mol (Fig. 3, squares). However, when the protein is re-
duced with excess NADPH, under otherwise identical con-
ditions, a similar £uorescence increase is observed at much
lower temperature (Fig. 3, circles). For reduced FNR, dena-
turation occurs between 30 and 45‡C with a TM of 41‡C,
a decrease of 25‡C in the stability of the enzyme upon re-
duction. The enthalpy of unfolding is also decreased to
vH=80N 10 kcal/mol. Since this sample was reduced in the
presence of excess NADPH, the reduced enzyme was likely
bound with an additional equivalent of NADPH, and it was
possible that a steric clash between reduced pyridine nucleo-
tide and reduced FAD cofactor caused this destabilization.
However, when FNR was reduced under identical conditions
with dithionite (1 mM), the same melting curve (Fig. 3, tri-
angles) was obtained within the error of the £uorescence data,
again with a TM of 41‡C. Thus the destabilization of the
reduced protein is clearly due to a poor interaction between
the reduced cofactor and protein, independent of the source of
reducing equivalents.
Since we detected protein unfolding by monitoring £avin
£uorescence, it was possible that we were observing only par-
tial unfolding of the protein that exposed the £avin to in-
creased solvent interactions. However, two observations sug-
gest this is not the case. First, if the protein was partially
unfolding to an intermediate metastable state, then we should
be able to reverse the unfolding reaction by lowering the tem-
perature and observe quenching of the £avin £uorescence as
the protein refolds. This was not observed; rather we observe
that the ¢nal £uorescence is maintained as the protein is
slowly cooled back to 20‡C. Second, when we attempted to
perform unfolding experiments at higher concentrations of
FNR (2^10 WM), we were not able to monitor £uorescence
due to the formation of a £occulent white precipitate, most
likely an aggregate of the apoprotein. When this precipitate
was pelleted by centrifugation (14 000Ug for 5 min), a white
protein pellet was obtained while all of the FAD was found
free in solution, as judged by the residual £uorescence of the
bu¡er. We conclude that the protein is undergoing a global
unfolding process, and that at high concentration this un-
folded protein interacts irreversibly to form a precipitate while
the dissociated FAD cofactor remains in solution.
3.3. Inactivation is slowed by binding of ferredoxin or
£avodoxin
FNR catalyzes the reduction of £avodoxin to the semiqui-
none oxidation state; this reaction is essential in supporting
the activity of AdoMet-dependent radical enzymes such as
class III ribonucleotide reductase and biotin synthase. Since
assays of these enzymes require prolonged incubation (1^4 h),
Fig. 3. Thermal unfolding of oxidized and reduced FNR. Oxidized
FNR (F, 0.5 WM) was incubated in 50 mM Bis-Tris Propane, 50
mM NaCl, pH 7.5, under argon in an anaerobic £uorescence cu-
vette. NADPH (a, 500 WM) or sodium dithionite (v, 1 mM) were
added to reduced samples. The temperature was raised in 5‡C incre-
ments, with 5 min equilibration at each temperature prior to record-
ing the £uorescence. The reduced enzyme samples were initially
V2^3-fold less £uorescent than the oxidized enzyme, but all sam-
ples underwent a four-fold increase in £uorescence upon unfolding.
Relative £uorescence data was normalized and ¢t as described in
Section 2, yielding values for TM : oxidized, 66‡C (solid curve); re-
duced, 41‡C (dashed curve). Each experiment was performed three
times and a representative data set is shown.
Fig. 4. Inactivation of the £avodoxin reductase activity of FNR in
the presence of various e¡ectors. FNR (1 WM) alone and in the
presence of £avodoxin, ferredoxin, FAD, or ribo£avin (40 WM each)
was reduced with NADPH (500 WM) in chilled 50 mM Bis-Tris Pro-
pane, 50 mM NaCl, pH 7.5, under argon. The initial £avodoxin re-
ductase activity (dark bar) was determined by mixing with £avodox-
in (100 WM) in a stopped-£ow spectrophotometer at 37‡C and
following the formation of £avodoxin semiquinone at 580 nm. The
samples were then incubated at 37‡C for 30 min and the residual
activity (light bar) was determined. Each bar represents the average
of ¢ve trials.
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we thought it essential to ¢nd conditions that could prolong
the lifetime of reduced FNR. Reduced FNR is clearly inacti-
vated by an unfolding process, and since both ferredoxin and
£avodoxin bind with high a⁄nity to FNR, addition of these
proteins might result in the formation of a binary complex
with increased stability. To examine this hypothesis, we mea-
sured the initial £avodoxin reductase activity of reduced FNR
alone (1 WM), and reduced FNR (1 WM) mixed with £avodox-
in or ferredoxin (40 WM each) in 50 mM Bis-Tris Propane, 50
mM NaCl, pH 7.5. We then retested the activity after 30 min
incubation at 37‡C. We found that addition of £avodoxin or
ferredoxin slightly increased the initial activity from 0.023 s31
to 0.032 and 0.027 s31 (20^40% increase). Further, both pro-
teins stabilized reduced FNR against loss of activity (Fig. 4).
While FNR alone loses 94% of its initial activity in 30 min, in
the presence of £avodoxin this loss is reduced to 53% and in
the presence of ferredoxin to 18%. The increased protection
a¡orded by ferredoxin correlates with increased a⁄nity; FNR
binds ferredoxin (KdV0.5 WM) about four-fold tighter than
£avodoxin (KdV2 WM) [3].
Since changes in £uorescence indicate that FNR unfolding
is accompanied by release of FAD, we postulated that if this
process was initially reversible, then addition of FAD would
also protect FNR against inactivation. When FAD (40 WM) is
added to reduced FNR (1 WM), we observe that the £avodox-
in reductase activity is initially increasedV4-fold (kcat = 0.094
s31). This is likely due to the very slow turnover of FNR with
£avodoxin (kcat = 0.01^0.02 s31), which allows free FAD to
function as a mediator for transferring electrons from FNR
to £avodoxin. After 30 min, much of this activity (71%) is
lost, but the residual activity is still about the same as the
initial activity in the absence of FAD. Although this might
be interpreted as stabilization of FNR, we feel that it is more
likely due to the ability of free FAD to act as a redox medi-
ator that accepts electrons from FNR and donates them to
£avodoxin. Flavodoxin is reduced slowly by FNR [3], and
both FMN and ribo£avin are reduced by FNR with second
order rate constants that are more rapid than for £avodoxin
alone [3], suggesting that low concentrations of free £avin
could promote more rapid electron transfer between £avodox-
in and FNR. To further demonstrate this was likely the case,
we repeated the protection experiment with ribo£avin, which
lacks the adenine nucleotide and will not bind to FNR. We
see a similar e¡ect, with the initial activity (kcat = 0.158 s31)
increased seven-fold compared to FNR alone, while the resid-
ual activity after 30 min is decrease 65%. Thus the apparent
protective e¡ect of FAD or ribo£avin is likely due not to a
reversal of FNR unfolding, but is instead due to the ability of
free £avin to act as a redox mediator and bu¡er for £avodox-
in reduction.
4. Discussion
E. coli FNR is utilized in many laboratories as a general
NADPH-dependent reductant of £avodoxin for sustaining the
activity of E. coli-derived AdoMet-dependent radical enzymes
[11,34,35], and for supplying electrons to heterologous cyto-
chrome P450 enzymes [23,24]. These roles require prolonged
stability of FNR. For example, biotin synthase utilizes elec-
trons from reduced £avodoxin to reductively cleave AdoMet
[36], generating a 5P-deoxyadenosyl radical that is proposed to
be the oxidant of dethiobiotin [37]. Biotin synthase has been
reported to turn over once in V30 min [25], and typical
assays involve incubation under anaerobic conditions for 2^
4 h [35]. Class III ribonucleotide reductase also catalyzes re-
ductive cleavage of AdoMet to generate 5P-deoxyadenosine, in
this case as an oxidant for a polypeptide glycine residue, gen-
erating a glycyl radical that is required for initiating ribonu-
cleotide reduction [38]. This activation process also requires
incubation for V30^60 min. In the case of biotin synthase,
assay conditions typically include 0.1^1 WM FNR, 5^20 WM
£avodoxin, and 0.5^1 mM NADPH. Depending upon the
concentration of £avodoxin present, FNR will lose 50^90%
of its original activity within 30 min (Fig. 4). In vivo this may
be of little concern, since more enzyme is continuously gen-
erated to replace inactivated enzyme, but in a 4 h in vitro
assay, active FNR may represent the limiting reagent after
30 min at 37‡C.
The inactivation of FNR appears to be related to the ther-
mal unfolding of the protein. Although the oxidized enzyme is
quite stable, reduced FNR unfolds at temperatures above
35‡C (Fig. 3). The extent of unfolding appears to correlate
well with the e¡ect of temperature on the rate of inactivation
(Fig. 2B). The pH dependence of the inactivation rate suggests
that deprotonation of a protein residue with a pKa of 8.5^9
contributes not only to the inactivation process, but poten-
tially also contributes to a general increase in activity.
Although there are numerous residues that could have pKas
in this range, the structure of E. coli FNR [39] shows that
Tyr247 is in a particularly important and vulnerable location.
Tyr247 is coplanar and in hydrophobic contact with the £avin
and makes hydrogen bonds to a backbone carbonyl and a
tightly bound water that is in turn hydrogen bonded to the
£avin C4 carbonyl. Thus, this residue is in a position that
likely in£uences the reactivity of the £avin; indeed, Ingelman,
et al., suggest that rotation or movement of this residue may
be required prior to hydride transfer from NADPH [39]. Fur-
ther, Tyr247 and Trp248 are the C-terminal residues in E. coli
FNR, and contacts made by these residues may be essential in
solidifying the C-terminal structure within the NADP-binding
domain. E. coli FNR contains a novel two-stranded L-sheet
extension formed by residues 232^239 in the NADP-binding
domain near the C-terminus of the protein; this extension
contains several positively charged residues and is proposed
to form a portion of the £avodoxin-binding surface [39]. Thus
we propose that C-terminal fraying of the E. coli FNR struc-
ture, which may be promoted by deprotonation of Tyr247,
could be an initial step in global unfolding that leads to loss
of activity.
This structural model may also explain one of the apparent
complexities in our data: the reactivity of £avodoxin with
FNR is lost at a much faster rate than the reactivity of fer-
redoxin or DCIP. This suggests that unfolding may be a step-
wise process and that the region of the protein that interacts
with £avodoxin may be more a¡ected at lower temperature
and earlier incubation time, while the core of FNR initially
remains intact and active. As mentioned above, several resi-
dues that are proposed to contact £avodoxin are located with-
in the C-terminal region of the NADP-binding domain [39].
In contrast, based upon the co-crystal structures of ferredox-
ins with homologous FNRs from Anabaena [40] and maize
leaf [41], contacts between ferredoxin and FNR are predicted
to be concentrated in the N-terminal FAD-binding domain.
Thus the initial rapid loss of £avodoxin reductase activity may
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re£ect a partial unfolding of the protein near the C-terminus
within the NADP-binding domain, which may initially have
little e¡ect on the ferredoxin reductase activity. Eventually
global unfolding and subsequent protein aggregation lead to
loss of all activity, especially at elevated temperature and pH.
Our studies suggest several factors that could be useful in
stabilizing FNR towards thermal inactivation. First, inactiva-
tion is clearly more rapid at elevated pH, but is relatively slow
at pH 7. Further, since inactivation appears to linked to ther-
mal denaturation, the rate of inactivation is signi¢cantly
slowed at temperatures below 30‡C. High concentrations of
both ferredoxin and £avodoxin bind to FNR and stabilize the
protein towards inactivation, thus it may be critical to keep
reduced FNR in the presence of one of its partner proteins.
Finally, since the £avodoxin reductase activity of FNR is more
sensitive than the ferredoxin reductase activity, we would pro-
pose that wherever possible ferredoxin should be substituted
for £avodoxin as an accessory protein in enzyme assays.
Although clearly the high speci¢city of £avodoxin for some
E. coli enzymes [16] may not allow this bene¢cial substitution,
in situations where speci¢city is low, for instance electron
transfer to heterologous enzymes such as cytochrome P450
reductases [24], ferredoxin may provide electrons with signi¢-
cantly higher turnover rates and sustained catalytic activity.
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